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ABSTRACT AND LIST OF KEY WORDS

This document presents the postflight trajectory for the Apollo/
Saturn V AS-505 flight. Included is an analysis of the orbital
and powered flight trajectories of the launch vehicle, the free
flight trajectories of the expended S-IC and S-II stages, and
the slingshot trajectory of the S-IVB/IU. Trajectory dependent
parameters are provided in earth-fixed launch site, launch
vehicle navigation, and geographic polar coordinate systems.
The time history of the trajectory parameters for the launch
vehicle is presented from guidance reference release to CSM
separation.

Tables of engine cutoff, stage separation, parking orbit in-
sertion, and translunar injection conditions are included in
this document. The heliocentric parameters of the S-IVB/IU
are given. Figures of such parameters as altitude, surface
and cross ranges, and magnitudes of total velocity and accel-
eration as a function of range time for the powered flight
trajectories are presented.

The following is a list of key words for use in indexing this
document for data retrieval:

Apollo/Saturn V
AS-505
Postflight Trajectory
Powered Flight Trajectory
Orbital Trajectory
Spent Stage Trajectory
Slingshot Trajectory
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SECTION 1

SUMMARY AND INTRODUCTION

The Apollo/Saturn V AS-505 vehicle was launched from Launch
Complex 39, Pad B at the Kennedy Space Center on May 18, 1969,
at 11:49:00 A.M. Eastern Standard Time (Range Time Zero) at
an azimuth of 90 degrees east of north. Range time, which is
referenced to Range Time Zero, is used throughout this docu-
ment unless otherwise specified. Guidance reference release
(GRR) was established to have occurred at -16.968 seconds.
First motion occurred at 0.25 second. At 13.05 seconds, a
roll maneuver was initiated orienting the vehicle to a flight
azimuth of 72.028 degrees east of north. This flight azimuth,
dependent on the launch time, launch day and month, is calcu-
lated using polynomial coefficients taken from the guidance
presettings in order to achieve the desired translunar tar-
geting parameters. The translunar targeting parameters are
functions of the moon position, earth parking orbit inclina-
tion, earth-moon distance, and moon travel rate.

The vehicle performed nominally throughout the entire flight.
The vehicle was inserted into a parking orbit at 713.76
seconds at an altitude of 191.37 km (103.33 n mi) and a total
space-fixed velocity of 7,793.09 m/s (25,567.88 ft/s). The
vehicle remained in orbit for approximately one and one-half
revolutions. Near the middle of the second revolution, at
9,199.20 seconds, the restart of the S-IVB stage occurred.
At 9,560.58 seconds, the vehicle was injected onto a circum-
lunar trajectory at an altitude of 333.21 km (179.92 n mi)
and a total space-fixed velocity of 10,839.59 m/s (35,562.96
ft/s). At 10,962.4 seconds, the CSM separated from the launch
vehicle at an altitude of 6,486.86 km (3,502.62 n mi) and a
total space-fixed velocity of 7,787.25 m/s (25,548.72 ft/s).
Following LM extraction, the vehicle maneuvered to a slingshot
attitude frozen relative to local horizontal. The retrograde
velocity to achieve S-IVB/IU lunar slingshot was accomplished
by an engine lead experiment, LOX dump, APS burn, and LHp
venting. The S-IVB/IU closest approach of 3,112 km (1,680
n mi) above the lunar surface occurred at 78.851 hours into
the mission.

The impact location of the expended S-IC stage was determined
to be 30.19 degrees north latitude and 74.21 degrees west
longitude at 539.12 seconds. The impact location of the
expended S-II stage was determined to be 31.52 degrees north
latitude and 34.51 degrees west longitude at 1,217.89 seconds.

Section 2 of this document defines the coordinate systems and
launch parameters used for the postflight trajectory analysis.

I-I
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SECTION 1 (Continued)

The postflight mass-point trajectory related parameters and

analytical procedures are presented in Sections 3, 4, 5, and
6. The trajectory is divided into six phases:

a. Ascent Phase

b. Orbital Phase

c. Second Burn Phase

d. Post TLI Phase

e. Free Flight Phase
f. Slingshot Phase

The ascent phase, covering the portion of flight from guidance

reference release to orbital insertion (713.76 seconds), is
discussed in Section 3. This trajectory was established from

data provided by an external electrical tracking system and

telemetered onboard data obtained from the ST-124M guidance
platform. External data were available from C-band radars.

The orbital phase, discussed in Section 4, covers the portion of

flight from orbital insertion to S-IVB restart preparations
(8,629.26 seconds). The orbital trajectory was established

from data provided by an external electrical tracking system.
External tracking data were provided by the C-band radars of
the Manned Space Flight Network.

The second burn phase, discussed in Section 3, covers the

portion of flight from S-IVB restart preparations to trans-

lunar injection (9,560.58 seconds). This trajectory was

established by integrating the ST-124M guidance platform
telemetered data.

The post translunar injection (TLI) phase, discussed in Section
4, covers the portion of flight from the translunar injection

to CSM separation (I0,962.4 seconds). This trajectory was

established by integrating orbital model equations forward
from the TLI state vector.

The free flight phase, discussed in Section 5, covers the tra-

jectories of the expended S-IC and S-If stages. These trajec-

tories are based on initial conditions obtained from the post-

flight trajectory at separation. The separation impulses for
both stages were used in the simulation.

The slingshot phase, discussed in Section 6, covers the trajec-

tory of the S-IVB/IU after it was separated from the CSM/LM.

This trajectory was produced by integrating orbital model

equations forward from a state vecto) at 21.75 hours GMT,

May 18, 1969, which was established by Goddard Space Flight

I-2
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SECTION 1 (Continued)

Center from Unified S-band (USB) tracking data.

Appendix A provides a detailed definition of the symbols,
nomenclature, and coordinate systems used throughout the
document.

Appendix B tabulates the time history of the trajectory
parameters in metric units.

Appendix C tabulates the time history of the trajectory
parameters in English units.
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SECTION 2

COORDINATE SYSTEMS AND LAUNCH PARAMETERS

The time history of Observed Mass Point Trajectory parameters
in both metric and English units is tabulated in Appendices B
and C, respectively. These tabulations are in earth-fixed
launch site, launch vehicle navigation, and geographic polar
coordinate systems. The earth-fixed'launch site, geographic
polar, and launch vehicle navigation coordinate systems are
defined in Reference I, "Project Apollo Coordinate System
Standards," (PACSS) and are designated PACSSIO, PACSSI, and
PACSSI3, respectively. The trajectory symbols and terminology
used in this document are defined in Appendix A.

The Fischer Ellipsoid of 1960 (Reference 2) is used as the
representative model for the earth and its gravitational field.
All latitude and longitude coordinates are defined with respect
to this ellipsoid.

The geographic coordinates for Launch Complex 39, Pad B, at
the Kennedy Space Center are:

Geodetic Latitude

Longitude
28.627306 degrees north
80.620869 degrees west

The height of the center of gravity of the launch vehicle
above the reference ellipsoid is 64.1 m (210.3 ft).

The azimuth alignments are as follows:

Launch Azimuth

Flight Azimuth
ST-124M Platform Azimuth

90.0 degrees east of north
72.028 degrees east of north
72.028 degrees east of north

_f
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SECTION 3

3.1

POWERED FLIGHT TRAJECTORY RECONSTRUCTION

POWERED FLIGHT TRAJECTORY

3.1.1 Ascent Phase

A comparison of actual and nominal times for significant flight
events is presented in Table 3-1. The nominal times for these
events are taken from Reference 3.

The tracking stations and the vehicle ground track for the
ascent phase are shown in Figure 3-I.

The actual altitude, surface range, and cross range are shown
in Figures 3-2 through 3-4, respectively, for the entire ascent

trajectory. The magnitude of the total space-fixed velocity
vector and the associated flight path angle are shown in
Figure 3-5. The magnitude of the total inertial acceleration
vector is shown in Figure 3-6. Mach number and dynamic pres-
sure are shown during the S-IC phase of the ascent trajectory
in Figure 3-7.

Various trajectory parameters, such as altitude, velocity, and
acceleration are given at some significant event times in
Table 3-11.

Engine cutoff and stage separation conditions are given in
Tables 3-111 and 3-1V, respectively.

The ascent trajectory, from guidance reference release to
parking orbit insertion, is tabulated in Tables B-I through
B-Ill in metric units, and in Tables C-I through C-Ill in
English units. These tables present the trajectory in the
earth-fixed launch site (PACSSlO), launch vehicle navigation
(PACSSI3), and geographic polar (PACSSl) coordinate systems.
The definitions pertaining to the trajectory symbols and the
coordinate systems are given in Appendix A.

3.1.2 Second Burn Phase

A comparison of actual and nominal times for significant
flight events pertaining to the second burn phase is included
in Table 3-I.

The actual altitude is shown in Figure 3-8. The magnitude of
the total space-fixed velocity vector and the associated flight
path angle are shown in Figure 3-9. The magnitude of thetotal
inertial acceleration vector is shown in Figure 3-10. The

3-I
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3.1.2 (Continued)

maximum total inertial acceleration and earth-fixed velocity
are shown in Table 3-11. T)ie translunar injection conditions
are shown in Table 3-V.

The second burn trajectory, from the time of S-IVB restart

preparations to CSM separation, is tabulated in Tables B-V

through B-VII in metric units, and in Tables C-V through C-Vll

in English units. These tables present the trajectory in the

earth-fixed launch site (PACSSIO). launch vehicle navigation
(PACSSI3), and geographic polar (PACSSI) coordinate systems.

The definitions pertaining to the trajectory symbols and the

coordinate systems are given in Appendix A.

3.1.3 Targeting Parameters

The actual and nominal targeting parameters are given in Table

3-VI. These parameters are used in the guidance computer as
terminal conditions for the powered flight phases. This table

illustrates how close the actual flight was to nominal.

3.2 DATA SOURCES

3.2.1 Ascent Phase

Tracking data and telemetered guidance velocity data were ob-

tained during the period from first motion through orbital

insertion. The time periods for which tracking system coverage
was available are shown in Figure 3-11 and itemized in Table

3-VII. The geographic locations of the tracking stations and

the ground track for the ascent trajectory are shown in Figure
3-I. The antenna locations for the tracking system and the

vehicle center of gravity are shown in Figure 3-12.

Considerable C-band tracking data were furnished by the stations

located at Cape Kennedy, Patrick Air Force Base, Merritt Island,

Grand Turk Island, and Bermuda Island. These tracking data

were provided as measured parameters in azimuth angle, eleva-

tion angle, and slant range. These measurements are defined in
Reference l and designated as PACSS3a.

Comparisons between these data and the ascent trajectory were

calculated in PACSS3a. The position components of the ascent

trajectory in PACSSIO were corrected for the differences between

the center of gravity and the transponder location. The cor-

rected position components were transformed into the measured

parameters of PACSS3a. Differences or deviations (tracking

data minus corresponding parameters derived from ascent trajec-
tory) were calculated, smoothed, and plotted as functions of

3-2
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3.2.1 (Continued)

time, and are shown in Figures 3-13 through 3-15.

Cape Kennedy (l.16) radar provided tracking data from 15 to 440

seconds. The azimuth and elevation angle measurements were

noisy throughout the time span of tracking. The slant range
measurements contained little noise except near the end (420

to 440 seconds) of tracking. A discontinuity in the slant

range occurred at approximately 210 seconds indicating a
switch from beacon to skin tracking. The azimuth and elevation

angle measurements oscillated about the ascent trajectory up
to about 175 seconds. After 175 seconds, the data agree

favorably with the trajectory with maximum deviations of 0.012

degree in azimuth angle, and 0.029 degree in elevation angle.

The slant range measurements agree favorably with the trajectory

throughout the tracking span with maximum deviation of 50 m

(164 ft).

Patrick (0.18) radar tracked the launch vehicle from 27 to 520

seconds. The azimuth angle measurements were noisy throughout

the tracking period and deviated considerably from the trajectory
up to about 160 seconds, but agree excellently thereafter with

maximum deviation of 0.004 degree. The elevation angle measure-

ments were noisy during the early portion (27 to 75 seconds) and
the later portion (400 to 520 seconds) of tracking. The ele-

vation angle measurements also deviated considerably from the

trajectory up to about llO seconds, and agree favorably after-
ward with maximum deviation of 0.008 degree. The slant range

measurements were noisy from lO0 to 300 seconds, but agree

favorably with the trajectory with maximum deviation of 72 m

(236 ft).

Merritt Island (19.18) radar data from 20 to 520 seconds were
received. The azimuth angle measurements were of good quality

except in the time spans of 80-130 and 430-520 seconds, where
the data were noisy. The azimuth angle measurements deviated

a maximum of 0.028 degrees from the ascent trajectory up to

190 seconds, and were in excellent agreement with the

trajectory thereafter with maximum deviation of 0.006 degree.

The elevation angle measurements were of good quality except
near the end of tracking (420 to 520 seconds), where the data

were noisy. The elevation anglemeasurements were in good

agreement with the trajectory throughout the tracking period
with maximum deviation of 0.022 degree. The slant range

measurements contained little noise except at several short

intervals (I02 to ll2, 123 to 130, 170 to 176, and 361 to 367

seconds) of tracking, where the data were erratic. The slant

range measurements had a discontinuity at about 420 seconds

indicating a switch from beacon to skin tracking. The maximum
deviation of slant range measurements from the trajectory

3-3
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3.2.1 (Continued)

amounted to 115 m (377 ft).

Grand Turk (7.18) radar furnished tracking data from 230 to 520
seconds. The azimuth angle measurements were of good quality
throughout the tracking period with maximum deviation of 0.006
degree from the ascent trajectory. The elevation angle measure-
ments were noisy throughout the tracking period with maximum
deviation of 0.016 degree from the ascent trajectory. The slant
range measurements contained little noise throughout the track-
ing period with maximum deviation of 40 m (131 ft) from the
ascent trajectory.

The Bermuda (67.16) radar acquired track at 265 and provided
data to 740 seconds. The azimuth angle measurements contained
little noise throughout the tracking period. Except for a
characteristic deviation near the middle (500 to 600 seconds)
of the tracking period, the azimuth angle measurements were
in good agreement with the trajectory with maximum deviation
of 0.015 degree. The elevation angle measurements were noisy
at the beginning (265 to 390 seconds) and at the end (650 to
740 seconds) of tracking, with maximum deviation of 0.052 degree
from the trajectory. The slant range measurements contained
little noise throughout the tracking period, with maximum de-
viation of 130 m (427 ft) from the trajectory.

Bermuda (67.18) radar also provided tracking data from 265 to
740 seconds. The azimuth angle measurements contained little
noise throughout the tracking period. As with the 67.16 radar
a characteristic deviation was seen near the middle span (500
to 600 seconds) of tracking. Otherwise the azimuth angle
measurements were in good agreement with the trajectory. The
maximum deviation was 0.03 degree. The elevation angle measure-
ments were noisy at the beginning (265 to 340 seconds) and at
the end (650 to 740 seconds) of tracking, with maximum devia-
tion of 0,04 degree from the trajectory. The slant range meas-
urements contained little noise throughout the tracking period,
with maximum deviation of 140 m (459 ft) from the trajectory.

3.2.2 Second Burn Phase

Telemetered guidance velocity data during the S-IVB second
burn period were obtained. Also, C-band radar tracking data
were obtained from Mercury Ship during the major portion of
the second burn phase of flight. These tracking data were
found to be invalid and were not used in the trajectory recon-
struction.
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3.3 TRAJECTORY RECONSTRUCTION

3.3.1 Ascent Phase

The ascent trajectory from guidance reference release to
orbital insertion was established by a composite solution of
available tracking data and telemetered onboard guidance
velocity data.

Before the data were used in the trajectory solution, one or
more of the following processing steps was performed:

a •

b.
C.

d.
e.

f.

Inspecting for format and parity errors
Time editing
Data editing and filtering
Refraction correction
Reformatting
Coordinate transformation

The position components of the tracking point of the vehicle
in PACSSIO were established by merging the launch phase and
ascent phase trajectory segments.

The launch phase (from first motion to 22 seconds) was estab-
lished by integrating the telemetered guidance accelerometer
data and by constraining it to the early portion of the ascent
phase trajectory• The ascent phase (from 22 seconds to orbital
insertion at 713.76 seconds) was based on a composite fit of
external tracking data and telemetered onboard guidance velocity
data. A computer program (GATE), which uses a guidance error
model, was utilized. The telemetered guidance velocity data
were used as the generating parameter and error coefficients
were estimated to best fit the tracking observations. The
Kalman recursive method was used for the estimation. The GATE
program was also constrained to satisfy the insertion condi-
tions that were obtained by the Orbital Correction Program
(OCP). Reference 4 gives a theoretical discussion of the GATE
program.

The GATE output data were then transformed to the vehicle
center of gravity.

The position components, in PACSSIO, were filtered and dif-
ferentiated to obtain vehicle velocity and acceleration com-
ponents. Since numerical differentiators tend to distort the
data through the transient areas (engine cutoffs), the guidance
velocity data were integrated and used to fill in these areas.

The trajectory data in PACSSIO were then transformed to several
coordinate systems. Various trajectory parameters were also
calculated and are presented in Appendices B and C.
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3.3.1 (Continued)

In calculating the Mach number and dynamic pressure, measured
meteorological data were used up to an altitude of 89.75 km
(48.46 n mi). Above this altitude the measured data were
merged into the U. S. Standard Reference Atmosphere.

3.3.2 Second Burn Phase

The second burn trajectory was established by combining an
orbital trajectory segment (Time Base 6 to 9,180 seconds) and
a powered flight trajectory segment (9,180 seconds to trans-
lunar injection). The orbital trajectory segment was obtained
from the orbital solution as described in Section 4. The
powered flight trajectory segment was obtained by integrating
the telemetered guidance velocities using the restart vector
(9,180 seconds) from Section 4 as the initial conditions. The
GATE program,described in Section 3.3.1, was used for the
integration.

The only tracking data available during the powered flight
trajectory segment was the Mercury Ship C-band radar. The
Mercury Ship data was of sufficient quality to be utilized in
the orbit solution. (See Section 4.) However, after 9,180
seconds the residuals of all three measured parameters became
erratic and were clearly invalid.

The translunar injection vector (9,560.58 seconds) when inte-

grated forward was verified by post TLI tracking data. (See
Section 4.4.)

The position components, in PACSSlO, were filtered, differen-
tiated, shaped, and transformed in the same manner as described
in Section 3.3.1.

3 4 ERROR ANALYSIS

3.4.1 Ascent Phase

An estimate of the total uncertainty of the ascent trajectory
can be obtained by examining the tracking data comparison plots
and utilizing the accuracy of the insertion point obtained by
orbital analysis.

Comparisons of the measured parameter data with the ascent

trajectory are shown in Figures 3-13 through 3-15. These

plots illustrate the dispersion and scattering of the data.

The accuracy of the insertion point, established in Section
4.3.1 by the Orbital Correction Program (OCP), was ±250 m
(±820 ft) in position components and ±0.7 m/s (±2.3 ft/s) in
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3.4.1 (Continued)

velocity components referenced to the earth-fixed launch site
coordinate system (PACSSIO).

Based on the above information, an estimate of the total un-
certainty of the ascent trajectory was derived and plotted in
Figure 3-16. At S-IC OECO, the estimated uncertainties of
position and velocity components in PACSSIO are ±30 m (±98 ft)
and ±0.3 m/s (±I.0 ft/s), respectively. At S-II OECO, the
estimated uncertainties of position and velocity components
in PACSSlO are ±170 m (±558 ft) and ±0.5 m/s (±1.6 ft/s) re-
spectively. At S-IVB first ECO, the estimated uncertainties
of position and velocity components in PACSSIO are ±240 m
(±787 ft) and ±0.7 m/s (±2.3 ft/s) respectively. At parking
orbit insertion, the estimated uncertainties of position and
velocity components in PACSSIO are ±250 m (±820 ft) and ±0.7
m/s (±2.3 ft/s) respectively.

3.4.2 Second Burn Phase

The accuracy of the second burn trajectory is governed by the
accuracy of the S-IVB restart vector, established in Section
4.3.2 by the Orbital Correction Program. The total uncer-
tainties of the second burn trajectory are estimated to be
±500 m (±1,640 ft) in position components and ±I.0 m/s
(±3.3 ft/s) in velocity components referenced to the earth-
fixed launch site coordinate system (PACSSIO).
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TABLE 3-I. TIMES OF SIGNIFICANT EVENTS

EVENT

Guidance Reference Release

First Motion

Start of Time Base 1

Mach l

Maximum Dynamic Pressure

-16.968

0.25

0.58

66.8

82.6

S-IC Center Engine Cutoff

S-IC Outboard Engine Cutoff

S-IC/S-II Separation Command

S-If Center Engine Cutoff

S-II Outboard Engine Cutoff

S-II/S-IVB Separation Command

S-IVB Ist Guidance Cutoff

Parking Orbit Insertion

Begin S-IVB Restart Prepara-
tions

S-IVB Engine Restart (ESC)

S-IVB Engine Reignition

(STDV Open)

S-IVB 2nd Guidance Cutoff

Translunar Injection

CSM Separation

RANGE TIME, SEC

ACTUAL NOMINAL

-17.003

0.25

0.65

65.9

81 .l

135.26

160.20

135.16

161.63

162.31

460.61

552.64

553.50

703.76

713.76

8,629.26

9,199.20

9,207.52

9,550.58

9,560.58

I0,962.4

160.91

459.21

554.13

555.04

7O3.48

713.48

8,626.92

9,197.79

9,204.87

9,548.64

9,558.64

II,004.9

ACT-NOM

0.035

0.00

-0.07

0.9

1.5

-O.lO

1.43

1.40

1.40

-I.49

-I.54

0.28

0.28

2.34

l .41

2.65

l .94

l .94

-42.5
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TABLE 3-11. SIGNIFICANT TRAJECTORY PARAMETERS

First

Mach 1

EVENT

Motion

Maxtmum Dynamic
Pressure

Maximum Total Inertial
Acceleration: S-IC

S-II

S-IVB Ist Burn

5-IVB 2nd Burn

Maximum Earth-Fixed

Velocity: S-IC

S-II

S-IVB 1st Burn

S-IVB 2nd Burn

IN I ik , ,

PARAMETER

Range Time, sec

Total Inertial Acceleratlon, m/s2^
(ft/s_)

Range Time, sec

Altitude, km
(n mi)

Range Time, sec

Dynamic Pressure, N/cm2

(lb/ft 2 )

Altitude, km
(n mi)

Range Time, sec

Acceleration, m/s 2_
(ft/s z )

Range Time,'sec

Acceleration, m/s 2
(ft/s 2 )

Range Time, sec

Acceleration, m/s 2.
(ft/s _ )

Range Time, sec

Acceleratlon, m/s 2
(ft/s 2 )

Range Time, sec

Velocity, m/s
(ftls)

Range Time, sec

Velocity, m/s
(ft/s)

Range Time, sec

Velocity, m/s
(ft/s)

Range Time, sec

Velocity, m/s
(ft/s)

ii i i i

VALUE
ii

0.25

10.40

(34.12)

66.8

7.86
(4.24)

82.6

3.324
(694.2)

13.22

(7.14)

161.71

38.47
(126.21)

460.69

17.82

(58.46)

703.84

6.89

(22.60)

9,550.66

14.60

(47.90)

161.96

2,388.34
(7,835.76)

553.50

6,497.67
(21,317.81)

703.84

7,388.38
(24,240.09)

9,551.30

10,439.91

(34,251.67)
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TABLE 3-V. TRANSLUNARINJECTION CONDITIONS

PARAMETER

Range Time, sec

Altitude, km
(n mi)

Space-Fixed Velocity, m/s
(ft/s)

Flight Path Angle, deg

Heading Angle, deg

Inclination, deg

Descending Node, deg

Eccentri city

* m2/s 2C 3 ,

(ft2/s 2 )

Geodetic Latitude, deg N

Longitude, deg E

VALUE

9,560.58

333.21

(179.92)

I0,839.59

(35,562.96)

7.379

61.065

31.698

123.515

0.97834

-1,308,471

(-14,084,265)

-13.627

l

159.920

* C3 is twice the specific energy of orbit

= V2 2u
C3 - R--

V = inertial velocity

= gravitational constant

R = radius vector from center of earth
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SECTION 4

ORBITAL TRAJECTORY RECONSTRUCTION

4.1 ORBITAL TRAJECTORY

The S-IVB/LM/CSM was inserted into a circular parking orbit at
713.76 seconds. While in parking orbit, vehicle subsystem
checkout was carried out from the tracking stations and Mission
Control Center at Houston, During the second revolution over
Australia, the S-IVB stage was restarted and the vehicle was
placed onto a circumlunar trajectory.

The parking orbit insertion conditions were close to nominal.
The space-fixed velocity at insertion was 0.07 m/s (0.23 ft/s)
less than nominal and the flight path angle was 0.006 degree
less than nominal. The eccentricity was 0.00004 greater than
nominal. The apogee and perigee were 0.13 km (0.07 n mi) and
0.62 km (0.33 n mi) less than nominal, respectively.

The insertion conditions, as determined by the Orbital Correc-
tion Program (OCP), were obtained by a differential correction
procedure which adjusted the estimated insertion conditions to
fit the C-band radar tracking data in accordance with the
weights assigned to the data. After all available C-band radar
tracking data were analyzed, the stations and passes providing
the better quality data were used in the determination of the
insertion conditions.

The orbital trajectory from insertion to the restart time
(9,180 seconds) was established by the integration of the
orbital model equations using the insertion vector as the
initial conditions. The restart vector was verified by the
good agreement with the Mercury Ship C-band radar data from
9,078 to 9,180 seconds.

4.2 ORBITAL DATA

Orbital tracking was conducted by the NASA Manned Space Flight
Network (MSFN). A summary of the C-band tracking data is
given in Table 4-I. There were also considerable Unified
S-band (USB) tracking data available during these periods of
flight which were not used due to the abundance of C-band radar
data. The perturbation due to LH 2 venting thrust was modeled
by the predicted venting profile. The predicted venting pro-
file was assumed close to actual venting because of the excel-
lent orbit fit of the C-band radars.
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4.3 TRAJECTORY RECONSTRUCTION

4.3.1 Orbital Insertion Conditions

The Orbital Correction Program (OCP) was used to solve for the
insertion conditions utilizing C-band tracking data and the

above-mentioned vent model. The insertion conditions are given
in Table 4-11. A family of values for the insertion parameters
was obtained depending upon the combination of data used and
the weights applied to the data. The solutions had a spread of
±250 m (±820 ft) in position components and ±0.7 m/s (±2.3 ft/s)
in velocity components referenced to the earth-fixed launch
site coordinate system (PACSSlO). The orbital insertion con-
ditions determined independently from powered flight tracking
lie within this band of solutions. The ground track from park-
ing orbit insertion to CSM separation is given in Figure 4-I.
The orbital trajectory in PACSSI is given in Tables B-IV and
C-IV.

4.3.2 Orbital Tracking Analysis

The stations (with their time of tracking) used to obtain the
initial orbital conditions, the number of data points, and the
Root-Mean-Square (RMS) errors of the residuals of each data
type are shown in Table 4-111. These RMS errors represent the
difference between the actual radar observations and the cal-

culated observations based on the orbital ephemeris defined by
the initial conditions. The RMS residual errors include high
frequency errors (assumed Gaussian), systematic errors due to
instrumentation biases, mathematical model error, and errors
in the correction for atmospheric refraction. The maximum RMS
error of the radar residuals was 25 m (82 ft) in slant range,
0.023 degree in elevation angle, and 0.016 degree in azimuth
angle. Design specifications indicate the expected high fre-
quency errors of the measuring systems are 3 m (I0 ft) in
slant range and 0.005 degree in angles for the TPQ-18 and
FPQ-6 radars; 6 m (20 ft) i'n slant range and 0.01 degree in
angles for the FPS-16 radars.

4.4 POST TLI TRAJECTORY

The post translunar injection (TLI) trajectory spans the time
interval from translunar injection (9,560.58 seconds) to CSM
separation (10,962.4 seconds). The translunar injection condi-
tions were integrated by the orbital model equations forward
to CSM separation. The separation conditions are presented in
Table 4-1V. The post TLI trajectory is included in Tables B-V
through B-VII in metric units and Tables C-V through C-Vll in
English units. The post TLI radar data which were received
were used to verify the post TLI trajectory.
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TABLE 4-I. SUMMARY OF ORBITAL C-BAND TRACKING DATA
AVAILABLE

STATION

Bermuda

Bermuda

Tananarive

TYPE OF RADARS

FPS-16M

FPQ-6

FPS-16M

REV 1

X

X

REV 2

X

X

Carnarvon FPQ-6 X

California TPQ-18 X X

Patrick FPQ-6 X X

Merritt Island TPQ-18 X

TPQ-18 X X

FPS-16M X

FPS-16M X

Grand Turk

Vanguard Ship

Mercury Ship

POST TLI
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TABLE 4-II. PARKING ORBIT INSERTION CONDITIONS

PARAMETER

Range Time, sec

Altitude, km
(n mi)

Space-Fixed Velocity, m/s
(ft/s)

-| ......... 70 !
l 191 .37

(103.33)

7,793.09

(25,567.88)

Flight Path Angle, deg

Heading Angle, deg

Inclination, deg

Descending Node, deg

Eccentri city

Apogee*, km
(n mi)

Perigee*, km
(n mi)

Period, min

Geodetic Latitude, deg N

Longitude, deg E

-0.0049

88.933

32.546

123.132

0.000086

185.79
(100.32)

184.66
(99.71)

88.20

32.700

-52.526

* Based on a spherical earth of radius 6,378.165 km
(3,443.934 n mi).
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TABLE 4-1V. CSM SEPARATION CONDITIONS

PARAMETER

Range Time, sec

Altitude, km
(n mi)

Space-Fixed Velocity, m/s
(ft/s)

VALUE

10,962.4

6,486.86
(3,502.62)

7,787.25
(25,548.72)

Flight Path Angle, deg

Heading Angle, deg

Geodetic Latitude, deg

Longitude, deg E

N

43.928

67.467

22.967

-139.826
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SECTION 5

SPENT STAGE TRAJECTORIES

5.1 S-IC SPENT STAGE TRAJECTORY

Postflight predictions of earth surface impact parameters for
the spent S-IC stage were computed using a mass point trajec-
tory simulation computer program. S-IC postflight burnout
position and velocity data were combined with nominal main
propulsion system decay performance and nominal retro-rocket
performance to initialize the simulation program.

Three separate theoretical trajectories were computed for the
spent S-lC stage• These three trajectories represent the fol-
lowing booster atmospheric entry conditions:

a •

b.
C.

Zero degree angle-of-attack entry
Ninety degree angle-of-attack entry
Tumbling entry

The tumbling booster case is considered to define actual case
impact conditions although no tracking coverage was available
for confirmation•

Results of the three computed S-IC spent stage trajectories
are summarized in Table 5-I. The ground track is shown in
Figure 5-I.

5.2 S-II SPENT STAGE TRAJECTORY

Three separate theoretical trajectories, corresponding to the
zero-degree, ninety-degree, and tumbling-case trajectories
computed for the S-IC stage, were computed for the spent S-II
stage.

The computed results, assuming a tumbling stage, were considered
to define stage impact conditions since no tracking coverage
of the spent S-II stage was available.

Results of the three computed S-II spent-stage trajectories
are summarized in Table 5-11. The ground track is shown in
Figure 5-I.
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TABLE 5-I. S-lC SPENT STAGE TRAJECTORY

Impact:

EVENT

Tumbling Case

Impact: 0 ° Angle-of-
Attack

Impact: 90 ° Angle-of-
Attack

Apex: Tumbling Case

PARAMETER

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Altitude, km
(n mi)

Surface Range, km
(n mi)

PARAMETERS

VALUE

539.12

30.19

-74.21

645.98
(348.80)

499.00

30.21

-74.11

: 655.72
i (354.06)

; 573.11
!

30.17
I
' -74.28

639.24
(345.16)

266.87

112.25
(60.61)

, 320.21
(172.90)
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TABLE 5-1I. S-II SPENT STAGE TRAJECTORY PARAMETERS

EVENT

Impact: Tumbling Case

Impact: 0 ° Angle-of-
Attack

Impact: 90 ° Angle-of-
Attack

Apex: Tumbling Case

PARAMETER

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Latitude, deg N

Longitude, deg E

Surface Range, km
(n mi)

Range Time, sec

Altitude, km
(n mi)

Surface Range, km
(n mi)

VALUE

1 ,217.89

31 .52

-34.51

4,424.97
(2,389.29)

l ,184.45

31 .48

-34.26

4,449.74

(2,402.67)

l ,256.35

31 .56

-34.78

4,399.57
(2,375.58)

597.21

189.48

(I02.31)

l ,916.93

(l ,035.06)
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SECTION 6

S-IVB/IU SLINGSHOT TRAJECTORY

After final LM separation, the S-IVB/IU was placed on a near
nominal lunar slingshot trajectory. The purpose of this maneu-
ver was to slow down the S-IVB/IU to make it pass by the
trailing edge of the moon and obtain sufficient energy to con-
tinue to a solar orbit. This was accomplished by a combination

of an engine lead experiment, LOX dump, APS burn, and LH 2 vent.
The engine lead experiment consisted of a 273-second APS burn,
a 9-second LOX lead and a 53-second LH 2 lead. The final APS
burn was shortened in real time from 155 seconds to approxi-
mately 8 seconds to reflect the effect of updated LOX residuals
which were not considered at the time slingshot targeting was
performed. A time history of the velocity increase along the
S-IVB's longitudinal axis for the slingshot maneuver is pre-
sented in Figure 6-I. Table 6-I presents a comparison of the
actual and nominal velocity increase due to the various phases
of the maneuver. Figure 6-2 presents the resultant conditions
for various velocity increases at the given attitude of the
vehicle for the maneuver. The nominal and the 3o band about
the nominal are included.

The S-IVB/IU closest approach of 3,112 km (1,680 n mi) above
the lunar surface occurred at 78.851 hours into the mission.

The trajectory parameters were obtained by integrating forward
a vector (furnished by GSFC) which was obtained from USB track-
ing data during the active lifetime of the S-IVB/IU. The actual
and nominal conditions at closest approach are presented in
Table 6-11. The velocity of the S-IVB/IU relative to the earth
is presented in Figure 6-3. This vividly illustrates how the
influence of the moon imparted energy to the S-IVB/IU. Figure
6-4 illustrates the relationship between the S-IVB/IU and the
spacecraft in the lunar vicinity, with all paths shown in the
spacecraft's orbital plane. The spacecraft had completed one
lunar revolution prior to S-IVB/spacecraft close approach, at
which time the two vehicles were approximately 2,935 km (1,585
n mi) apart. Some of the heliocentric orbit parameters of the
S-IVB/IU are presented in Table 6-111. Similar parameters for
the earth's orbit are also presented for comparison.
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TABLE 6-I. COMPARISON OF SLINGSHOT MANEUVER

VELOCITY INCREMENT

PARAMETER ACTUAL NOMINAL

Longitudinal Velocity Increase, m/s

(ft/s)

Engine Lead Experiment, m/s
(ft/s)

LOX Dump, m/s

(ft/s)

APS Ullage Burn, m/s
(ft/s)

Miscellaneous (CVS Performance

and Hardware), m/s

(ft/s)

44.2

(145.0)

13.4

(44.0)

23.0

(75.5)

0.3
(I .0)

7.5

(24.6)

44.3
(145.3)

13.8

(45.3)

22.3

(73.2)

6.2

(20.3)

2.0

(6.6)

t"
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TABLE 6-11. LUNAR CLOSEST APPROACH PARAMETERS

PARAMETER ACTUAL NOMINAL

Lunar Radius, km
(n mi )

Altitude Above Lunar Surface, km
(n mi)

Time from Launch, hr

Velocity Increase Relative
Earth from Lunar Encounter,

to

km/s
(n mi/s)

4,850
(2,619)

3,112
(1,680)

78.9

0.850
(0.459)

4,748
(2,564)

3,010
(1,625)

78.5

0.861
(0.465)
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TABLE 6-111. HELIOCENTRIC ORBIT PARAMETERS

PARAMETER

Semimajor Axis, km

(n mi)

Aphelion, km

(n mi)

Perihelion, km

(n mi)

Inclination, deg*

Period, days

S-IVB/IU

1.4398xi08

(0.7774xi08)

1.5216xi08

(0.8216xi08)

1.3581xi08

(0.7333xi08)

23.46

344.88

EARTH

1.4900xi08

(0.8045xl08)

1.5115xi08

(0.8161xi08)

1.4684xi08

(0.7929xi08)

23.44

365.25

*For purposes of this report the solar equatorial plane is
considered parallel with the earth's equatorial plane.
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APPENDIX A

DEFINITIONS OF TRAJECTORYSYMBOLSAND COORDINATESYSTEMS

SYMBOL DEFINITION

XE, YE, ZE
DXE, DYE, DZE
DDXE, DDYE, DDZE

Position, velocity, and acceleration compo-
nents of vehicle center of gravity in Earth-
Fixed Launch Site Coordinate System. The
origin of this system is at the intersection
of Fischer Ellipsoid (1960) and the normal
to it which passes through the launch site.
The X axis coincides with the ellipsoid
normal passing through the site, positive
upward. The Z axis is parallel to the
earth-fixed flight azimuth, defined at
guidance reference release time, and is posi-
tive down range. The Y axis completes a
right-handed system. This coordinate system
is identical to Standard Coordinate System I0
of Project Apollo Coordinate System Standards,
abbreviated as PACSSIO.

XS, YS, ZS
DXS, DYS, DZS
DDXS, DDYS, DDZS

Position, velocity, and acceleration compo-
nents of vehicle center of gravity in Launch
Vehicle Navigation Coordinate System. The
origin of this system is at the center of
the earth. The X axis is parallel to Fis-
cher Ellipsoid normal through the launch
site, positive upward. The Z axis is parallel
to the flight azimuth, positive downrange.
The Y axis completes a right-handed system.
The direction of the coordinate axes remains
fixed in space at guidance reference release.
This coordinate system is identical to
Standard Coordinate System 13 of Project
Apollo Coordinate System Standards, abbrevi-
ated as PACSSI3.

GC DIST
GC LAT
GD LAT
LONG

Position components of vehicle center of
gravity in Geographic Polar Coordinate
System. Position in this system is defined
by the geocentric distance (GC DIST), geo-
centric latitude (GC LAT), geodetic latitude
(GD LAT), and longitude (LONG). Geocentric
distance is the distance from the geocenter
to vehicle center of gravity. Geocentric
latitude is the angle between the radius vec-
tor of the subvehicle point and the equa-
torial plane, positive north of the equa-
torial plane. Geodetic latitude is the

A-I
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SYMBOL

EF VEL
VEL-AZ
VEL-EL

SF VEL
FLT-PATH
HEAD

ALTITUDE

APPENDIX A (Continued)

DEFINITION

angle between the normal to the Fischer
Ellipsoid through the subvehicle point and
the equatorial plane, positive north of the
equatorial plane. Longitude is the angle
between the projection of the radius vector
into the equatorial plane and the Greenwich
meridian, positive east of the Greenwich
meridian. This coordinate system is identical
to Standard Coordinate System 1 of Project
Apollo Coordinate System Standards, abbrevi-
ated as PACSSI.

Earth-fixed velocity of vehicle center of
gravity in Geographic Polar Coordinate
System. Velocity in this system is given
in terms of azimuth (VEL-AZ), elevation
(VEL-EL), and magnitude of the velocity
vector (EF VEL). Azimuth is the angle be-
tween the projection of the velocity vector
into the local horizontal plane and the
north direction in this plane, positive east
of north. Elevation is the angle between
the velocity vector and the local horizontal

plane, positive above the horizontal plane.
This coordinate system is identical to
Standard Coordinate System 1 of Project
Apollo Coordinate System Standards, abbrevi-
ated as PACSSI.

Space-fixed velocity of vehicle center of
gravity in Geographic Polar Coordinate
System. Velocity in this system is given in
terms of heading angle (HEAD), flight path
angle (FLT-PATH), and magnitude of velocity
vector (SF VEL). Heading angle is the angle
between the projection of the velocity vector
into the local horizontal plane and the north
direction in this plane, positive east of
north. Flight path angle is the angle be-
tween the local horizontal plane, positive
above the horizontal plane. This coordinate
system is identical to Standard Coordinate
System 1 of Project Apollo Coordinate System
Standards, abbreviated as PACSSI.

Perpendicular distance from vehicle center

of gravity to Fischer Ellipsoid, positive

above Fischer Ellipsoid.
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SYMBOL

RANGE

TIME

APPENDIX A (Continued)

DEFINITION

Surface range measured along Fischer Ellip-
soid from the launch site to the subvehicle
point.

Range time, referenced to nearest integer
second before IU umbilical disconnect.
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APPENDIX B

TIME HISTORY OF TRAJECTORYPARAMETERS- METRIC UNITS

The postflight trajectory, from guidance reference release to
CSM separation is tabulated in metric units in Tables B-I
through B-VII.

Table B-I gives the earth-fixed launch site position, velocity,
and acceleration components for the ascent phase of the flight.

Table B-II gives the launch vehicle navigation position,
velocity, and acceleration components for the ascent phase of
the flight.

Table B-Ill gives the geographic polar coordinates for the
ascent phase of flight.

Table B-IV gives the geographic polar coordinates for the
parking orbit phase of flight.

Table B-V gives the earth-fixed launch site position, velocity,
and acceleration components for the second burn phase of the
flight.

Table B-Vl gives the launch vehicle navigation position,
velocity, and acceleration components for the second burn
phase of flight.

Table B-VII gives the geographic polar coordinates for the
second burn phase of flight.
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APPENDIX C

TIME HISTORY OF TRAJECTORYPARAMETERS- ENGLISH UNITS

The postflight trajectory, from guidance reference release to
CSM separation is tabulated in English units in Tables C-I
through C-VII.

Table C-I gives the earth,fixed launch site position, velocity,
and acceleration components for the ascent phase of flight.

Table C-II gives the launch vehicle navigation position,
velocity, and acceleration components for the ascent phase of
flight.

Table C-Ill gives the geographic polar coordinates for the
ascent phase of flight.

Table C-IV gives the geographic polar coordinates for the
parking orbit phase of flight.

Table C-V gives the earth-fixed launch site position, velocity,
and acceleration components for the second burn phase of
flight.

Table C-VI gives the launch vehicle navigation position,
velocity, and acceleration components for the second burn
phase of flight.

Table C-Vll gives the geographic polar coordinates for the
second burn phase of flight.
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